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Abstract: In this study we investigated whether a 60 Hz magnetic field 
can act at the cellular level to influence the growth of human 
estrogen-dependent breast cancer cells. Our experimental design 
assessed cell proliferation of a human breast cancer cell line, MCF-7, in 
the absence or the presence of melatonin which inhibits growth at a 
physiological concentration of 1 0-9 M. In three experiments, continuous 
exposure to average sinusoidal 60 Hz magnetic fields of 1.90 k 0.01, 
2.40 -t 0.70, and 2.53 t 0.50 mG, or simultaneous exposure in 
matched incubators to average 60 Hz magnetic fields of 10.4 -+ 2.12, 
11.95 2 2.73, and 11.95 -+ 3.28 mG, respectively, had no effect on 
cell proliferation in the absence of melatonin. When MCF-7 cells were 
cultured in the presence of M melatonin, an 18% inhibition of 
growth was observed for cells in a 2.40 t 0.70 mG field. This effect 
was blocked by a 60 Hz magnetic field of 11.95 ? 2.75 mG. In a 
second experiment, a 27% inhibition of MCF-7 cell growth was 
observed for cells in a 2.53 2 0.50 mG magnetic field, and this was 
blocked by a 60 Hz magnetic field of 11.95 2 3.28 mG. These results 
provide the first evidence that ELF frequency magnetic fields can act at 
the cellular level to enhance breast cancer cell proliferation by blocking 
melatonin’s natural oncostatic action. In addition, there appears to be a 
dose threshold between 2 and 12 mG. The mechanism(s) of action is 
unknown and may involve modulation of signal transduction events 
associated with melatonin’s regulation of cell growth. 
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Introduction 

Exposure to ELF magnetic fields are reported to 
depress or time-shift melatonin secretion in animals 
[Wilson et al. , 1990; Reiter and Richardson, 1990; 
Lerchl et al., 1991; Spears and Yellon, 1991; 
Stevens et al., 1992; Reiter, 19921 and such expo- 
sures are postulated to be a risk factor in human 
breast cancer epidemiology [Stevens, 1987; Tynes 
and Andersen, 1990; Demers et al., 1991; Ma- 
tanoski et al., 19911. The underlying mechanism(s) 
for eliciting such alterations in melatonin secretion 
in vivo are currently receiving much attention, and 

the body of evidence supports the hypothesis that 
magnetic fields influence the pineal gland’s control 
over the timed release of melatonin into the circu- 
lation. Once released into the circulation, melatonin 
itself acts at the cellular level and has natural 
oncostatic activity towards human estrogen-recep- 
tor-positive (ER+) breast cancer cells such as the 
MCF-7 [Hill and Blask, 1988; Blask, 1990; Cos and 
Blask, 1990; Cos et al., 19911. This fact, plus the 
above findings that magnetic fields influence the 
release of melatonin into the blood stream, suggests 
that magnetic fields may play a significant role in 
breast cancer. 
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An experiment was designed to address a simple 
question: Do 60 Hz magnetic fields influence in 
vitro breast cancer cell proliferation, and is the 
presence of melatonin a modulatory factor in this 
process? The experimental design employed a well 
characterized cellular model system, the human 
breast cancer MCF-7 cell line [Hill and Blask, 1988; 
Blask, 1990; Cos and Blask, 1990; Cos et al., 
199 1 1, to evaluate any direct interaction between the 
magnetic fields and breast cancer cells, and to 
determine if melatonin mediated the interaction. A 
special feature of these in vitro experiments is that 
they relate to interactions at the cellular level which 
are distal to a magnetic field effect on melatonin 
release into the blood stream. Thus, the in vim 
findings presented here complement important in 
vivo studies dealing with ELF magnetic fields and 
melatonin release into the blood stream. Prelimi- 
nary results of this research were presented in 
abstract form [Liburdy et al., 1993bl. 

Materials and methods 

Cells, hormones, and drugs 

MCF-7 cells are derived from the pleural effusion of 
a mammary adenocarcinoma, and, when grown as a 
monolayer, they possess an epithelial-like morphol- 
ogy [ATCC HTB-221. Melatonin-sensitive MCF-7 
cells at passage #3 15 were a generous gift of Dr. 
David Blask of the Mary Imogene Bassett Hospital 
Research Institute, Cooperstown, NY. Cells were 
maintained in Dulbecco's Modified Eagle's Me- 
dium (DMEM H-21), supplemented with 10% fetal 
bovine serum, penicillin ( 100 units/ml), streptomy- 
cin ( 100 mg/ml), and L-glutamine (2 mM) (UCSF 
Cell Culture Facility, San Francisco, CA), at 37°C 
in a humid atmosphere containing 5% CO,. Mela- 
tonin (N-acetyl-5-methoxytryptamine) was pur- 
chased from Sigma Chemical Co. (Product # 
M-5250 [Lot # 22H77061 St. Louis, MO). Mela- 
tonin solution was prepared immediately before use 
by dissolving crystals in a minimum volume of 
ethanol and then adding media to achieve the 
appropriate concentrations. 

Exposure systems 

Two identical, double-wound, four-coil , Merritt 
exposure systems were fabricated at the Lawrence 
Berkeley Laboratory (LBL) for these studies [Mer- 
ritt et al., 1983; Kirschvink, 19921. Figure la  and 
1 b illustrate the four-coil Merritt design in which 
there are four double-wound coils wrapped around 
a square plastic frame (35.5 cdedge).  With the 

center axis of the coil system used as a reference line 
and the center point on this axis designating the 
origin, the four coils had the following spacing with 
respect to the origin: 16.7 cm, 4.23 cm, -4.23 cm, 
and - 16.7 cm. Commercially available standard 
speaker cable with two parallel wire tracks was used 
for the double-wrap cable. Merritt's turns ratio of 
26/ 1 I /  1 1/26 was followed in winding these four 
coils (17.0 R, 6.57 mH) to optimize a large uniform 
exposure area in the center volume of the exposure 
system. Built into the circuit energizing these coils 
was a switch used to reverse the direction of the 
current in one of the wires in the speaker cable 
comprising the double-wound coils. When current 
is applied in the anti-parallel configuration (pas- 
sive), the magnetic fields from the double-wound 
coils cancel, and when current is applied in the 
parallel configuration (active), a magnetic field is 
established. This feature enabled a true sham ex- 
posure to be performed in one incubator while a 
second coil system was operated simultaneously for 
exposure treatment in a second matched incubator. 
Each coil system was driven by identical signal 
generators available from Dynascan Corp., Chi- 
cago, IL (B&K Precision Model 3020). Each of the 
four coils comprising the exposure system was 
shielded by wrapping the wire bundles in two layers 
of heavy-duty aluminum foil, with a break of 
several inches, to eliminate the electric field com- 
ponents generated by the wire wrappings. 

Field dosimetry was performed using commer- 
cially available fluxgate magnetometers. AC mag- 
netic fields were measured using a Hewlett Packard 
Model 428B fluxgate meter (Cupertino, CA), cali- 
brated by the Magnetic Field Measurements Group 
at LBL. DC magnetic fields were mapped using the 
above Hewlett Packard fluxgate meter, and a 
MAG-0 1 fluxgate magnetometer from Bartington 
Instruments, LTD (Oxford, UK). In addition, a 
FGM-3D1 fluxgate magnetometer from Walker 
Scientific, Inc. (Worcester, MA) was provided by 
Dr. Michael Yost of the School of Public Health, 
UC Berkeley. Active measuring volume of the HP 
and Bartington probes is a cylindrical volume of 
approximately 2.0 cm in length and 0.7 cm in 
diameter. DC field measurements using these three 
systems agreed to within 2-5%. 

The coil systems were placed inside of two 
identical, water-jacketed Queue incubators (Queue 
Systems, Inc., Parkersburg, WV, Model 2710) 
maintained at 37 & 0.1"C. Identical commercial 
incubators were used in these studies, since the 
intensity of the ambient time-varying magnetic field 
flux density inside of incubators can vary consider- 
ably among manufacturers [Berglund et al., 1991; 
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Fig. I .  Double-wound, four-coil Merritt exposure systems. (A) View of the exposure coil inside of a Queue Model 2710 incubator 
as used in these studies. (B) View of the exposure coil showing an array of plates positioned in the center plane of the coil. Two 
plastic frames were wound with double-wrap cable, and were energized in the parallel- or in the antiparallel-configuration so that 
identical current loads would result in a combined exposure magnetic field (parallel) or in canceled magnetic fields (antiparallel) 
for the exposure and the control treatment, respectively. Coils were shielded with aluminum foil to eliminate the electric field 
component. Magnetic field flux density was incident on the surface of the 35 mm tissue culture plates. (See text for details). 

Yost and Liburdy, 19921. When the above coils 
were operated, either in the active or passive mode, 
the total current load in the coils was approximately 
6.57 mA and this corresponds to an ohmic power 
dissipation of 734 pW. This did not result in 
significant heat loading inside the incubators; air 
temperature in both matched incubators during field 
operation was maintained to within +O. 1"C, which 
is the nominal limit of temperature stability for these 
incubators. Three separate 60 Hz experiments were 
conducted in the studies presented here, and the 
inside of each incubator was extensively mapped 
before and after growth curves were completed. The 
average (mean 2 S.E.) of both measurements for 
the parallel (active) mode and antiparallel (passive) 
mode exposures, respectively, corresponded to (a) 
10.4 t 2.12 and 1.90 t 0.01 mG; (b) 11.95 2 
2.75 and 2.40 2 0.70 mG; (c) 11.95 2 3.28 and 
2.53 k 0.05 mG. The Merritt coils used in these 
studies generate very uniform field values (52%) 
over the central area where cells were placed 
[Kirschvink, 19921. The variations about mean 

values observed for these 60 Hz magnetic fields are 
attributed to the ambient background 60 Hz mag- 
netic fields present in the laboratory during the 
seven month period in which these studies were 
conducted. DC fields were mapped at the same 
positions that 60 Hz fields were measured and 
values in incubator 1 and 2 were 142 + 33 mG and 
135 + 6 mG, respectively. Plate positions in the 
exposure volume were systematically randomized 
during exposures, with matched active vs. passive 
exposures conducted simultaneously. Randomiza- 
tion of plates followed a pattern in which plates 
were rotated through exposure positions within the 
central volume of the coil, which was within the 
t 2 %  isocontour boundary of the Merritt coils 
[Kirschvink, 19921 on days during cell counting and 
feeding. Coils were left energized during the entire 
period of cell growth in these studies; thus, culture 
plates were removed for feeding and for the addition 
of melatonin with the fields continuously present. 
Cells were first placed in the energized active or 
passive coils after cell attachment (see below) when 
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melatonin was added. Time for feeding was kept to 
a minimum, and, on average, plates were out of 
the fields during feeding for approximately 5-10 
minutes. 

Culture techniques 

MCF-7 cells were initially grown in 60 mm plates or 
T-75 flasks prior to experiments. Cells employed in 
these studies correspond to passage #3 18, 3 19, and 
320. Cells were harvested in 0.2% EDTA phos- 
phate buffer (2 g/L Na,-EDTA, 8 g/L NaC1,0.2 g/L 
KH,PO,, 1.15 g/L Na,HPO,), or with trypsin 
solution (0.50 g/L Trypsin, 0.5 g/L EDTA, 1 .O g/L 
glucose, and 0.58 g/L NaHCO,) from the seeding 
vessel and diluted in DMEM. Cells were employed 
at seeding densities between 0.1-0.2 X lo5 cells/35 
mm culture dish in two ml of media. After cells 
became firmly attached, four hours after seeding, 
the plating medium was replaced with freshly 
prepared, melatonin-enriched medium (lo-' M) or 
DMEM alone. On alternate days, cells were har- 
vested from plates in each treatment group by 
incubation with one ml of trypsin solution at 37°C 
for two min and counted using a hemocytometer; 
cell growth was expressed as cell/ml which is 
equivalent to cellsiplate in these studies. Triplicate 
plates were used for each counting day. Fresh 
medium, with or without melatonin, as required, 
was fed to the remaining plates twice weekly. In 
these studies no gross morphological differences as 
revealed by transmitted light microscopy were no- 
ticed for MCF-7 cells grown in background com- 
pared to applied 60 Hz magnetic fields. 

Statistical analysis 

All data were tested for statistical significance using 
the multifactor analysis of variance program in 
Statgraphics (Manugistics, Inc., Rockville, MD, 
USA). 

Results 
Comparison of MCF-7 cell growth in matched incubators 

We determined whether MCF-7 cells would exhibit 
identical growth curves in matched incubators in the 
presence of ambient background 60 Hz magnetic 
fields. The background magnetic field in the incu- 
bators was mapped and was found to fall within the 
range 1.9 k 0.01 mG to 2.53 * 0.50 mG. Field 
mapping in the laboratory room, as well as inside 
the incubators, indicated that the 60 Hz background 
field was similar throughout both incubators when 
unenergized or energized in the antiparallel mode. 
For these growth curves, cells at passage #319 were 
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Fig .  2. Comparison of MCF-7 cell growth in matched incu- 
bators. Growth curves for MCF-7 cells from passage #3 19 for 
cells in matched Model 2710 Queue incubators 1 and 2. Cells 
were seeded at 0.15 X 10'iplate and cell proliferation was 
followed by hemocytometer count over seven days. Cells were 
positioned inside of the exposure coils with the coils unener- 
gized (see text). 

placed inside of the two incubators with the Merritt 
coils in place but unenergized, with the cells in the 
same position as used for exposure treatment. 
Figure 2 depicts growth curves for MCF-7 cells 
during simultaneous cell proliferation assays in 
incubators 1 (solid line) and 2 (dashed line). MCF-7 
cells were seeded to attain exponential growth and 
to be 6040% confluent by day 7; cell growth was 
observed to be identical in the matched incubators. 
This indicates that MCF-7 cells grow identically in 
the presence of ambient background magnetic fields 
in these two matched incubators. 

60 Hz magnetic fields do not influence MCF-7 cell growth 
Next we addressed the question of whether 60 Hz 
magnetic fields influence normal growth of MCF-7 
cells in the absence of melatonin. Simultaneous cell 
proliferation assays were performed as described 
above for Figure 2, but with the coils in the matched 
incubators energized in either the antiparallel (pas- 
sive) or in the parallel (active) configuration. Ener- 
gization in the antiparallel configuration, which 
cancels the applied magnetic field, resulted in a 
similar magnitude ambient background magnetic 
field as those depicted in Figure 2. Three different 
growth curve experiments were conducted on dif- 
ferent days with MCF-7 cells from different pas- 
sages. Figures 3a, 3b, and 3c show typical expo- 
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nential growth curves for MCF-7 cells in the 
presence of the background or the applied magnetic 
field for cells at passage #318, #319, and #320, 
respectively. Background (BKGD) and applied 
magnetic fields were: (3a) 1.90 2 0.01 mG and 
10.4 * 2.12 mG; (3b) 2.40 t 0.70 mG and 
11.95 & 2.75 mG; and (3c) 2.53 & 0.50 mG and 
11.95 * 3.28 mG. Comparison of the growth 
curves from these three experiments reveals that 
growth of MCF-7 cells is typically exponential and 
similar in the presence of the background 60 Hz 
field compared to that for the applied magnetic 
field. These data support the finding that cell 
proliferation of the MCF-7 cells employed here is 
not influenced by magnetic fields of 1.90-2.53 mG 
or 10.4-1 1.95 mG. 
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Fig. 3. 60 Hz magnetic fields do not influence MCF-7 cell 
growth (no melatonin). Cells from three different passages were 
characterized for cell proliferation in the absence of melatonin 
in three different experiments. Growth curves were performed 
as in Figure 2. Incubator 1 was used for 60 Hz (ELF) exposures 
and Incubator 2 was used for background (BKGD) 60 Hz field 
treatments. (a) Cells from passage #318 seeded at 0.3 X los/ 
plate. BKGD: 1.90 * 0.01 mG, ELF: 10.4 * 2.12 mG. (b) 
Cells from passage #3 19 seeded at 0.15 X 105/plate. BKGD: 
2.40 * 0.70 mG, ELF: 11.95 * 2.75 mG. (c) Cells from 
passage #320 seeded at 0.137 X 1OS/plate. BKGD: 2.53 ? 
0.50 mG, ELF: 11.95 2 3.28 mG. 

60 Hz magnetic fields block melatonin's natural oncostatic 
action on MCF-7 cell growth 

Melatonin is oncostatic and inhibits the proliferation 
of MCF-7 cells when present in cell culture media 
at concentrations corres onding to the physiological 
range of to 10-I'M [Cos and Blask, 19901. 
We performed experiments to confirm melatonin's 
inhibition of MCF-7 cell growth. Growth curves for 
MCF-7 cells of passage #319 in the absence or in 
the presence of M melatonin are depicted in 
Figure 4a. In these experiments, cells were placed 
in the incubator with the exposure coils energized in 
the antiparallel configuration (passive) so that a 
background 60 Hz magnetic field of 2.40 & 0.70 
mG was present. Cell proliferation revealed typical 
exponential growth over the 7-day period. When 
melatonin was present, an 18% inhibition of growth 
was detected at day 7; this inhibition was statisti- 
cally significant ( P  = 0.017). 

We note that MCF-7 cells display heterogeneity 
in their response to melatonin, and that some 
subclones can exhibit growth inhibition of up to 
70% in the presence of M melatonin between 
days 5-7 [Hill and Blask, 1988; Cos and Blask, 
19901. There is also evidence that the melatonin 
response is serum-dependent, which suggests that a 
factor(s) in serum is permissive for melatonin 
inhibition of MCF-7 cell growth. In addition, 
melatonin-sensitive MCF-7 subclones may exhibit 
different sensitivity to melatonin as passage number 
increases; this may reflect the fact that, as passage 
number increases, MCF-7 cells generally exhibit 
shorter doubling times with altered growth proper- 
ties. Also, some MCF-7 subclones may exhibit no 
sensitivity to melatonin-this may depend on pas- 
sage number, serum factors, or other unknown 
parameters. Sub-clone sensitivity of human cancer 
cell lines, such as the MCF-7 cell, to melatonin has 
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Fig. 4. 60 H z  magnetic fields block melatonin’s action on MCF-7 cell growth. Cells from passage #319 were seeded at 
0.15 X IO’/plate and grown in media containing either no melatonin or lo-” M melatonin, in an incubator with a background 
(BKGD) 60 Hz magnetic field of 2.40 ? 0.70 mG, or in an incubator with a 60 Hz (ELF) magnetic field of 11.95 2 2.75 mG. 
(a) Melatonin exhibits an 18% inhibition in MCF-7 cell proliferation at day 7 ( P  = 0.017), and (b) ELF magnetic fields block 
melatonin’s growth inhibition of MCF-7 cells. Cells from passage #320 were seeded at 0.137 x 105/plate and grown in media 
containing either no melatonin or M melatonin in an incubator with a background (BKGD) 60 Hz magnetic field of 
2.53 * 0.50 mG, or in an incubator with a 60 Hz (ELF) magnetic field of 11.95 t 3.28 mG. (c) Melatonin exhibits an 27% 
inhibition in MCF-7 cell proliferation at day 7 (p = 0.004), and (d) ELF magnetic fields block melatonin’s growth inhibition of 
MCF-7 cells. 

been noted by L’Hermite-Baleriaux and de Launoit 
[1992]. In all of the studies presented here, we 
employed MCF-7 cells that were responsive to 
melatonin, we have also identified our source of 
cells, as well as the passage number, the source of 
serum, and the media we used. 

To address the question of whether an applied 60 
Hz magnetic field can influence melatonin’s natural 
oncostatic action, cells from the same passage #319 
were placed in the matched incubator in the absence 
or presence of M melatonin plus an applied 60 

Hz magnetic field of 1 1.95 f 2.75 mG, and cell 
growth was followed. These cell growth curves 
were obtained with the exposure coils energized in 
the parallel configuration (active). Figure 4b shows 
an exponential growth curve for the MCF-7 cells in 
absence of melatonin (solid line) that is superim- 
posable with that obtained in the background field 
(compare with Figure 4a). This is consistent with 
results shown in Figure 3, in which magnetic fields 
alone do not alter MCF-7 cell growth. However, 
Figure 4b reveals that the 1 1.95 magnetic field in 
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the presence of melatonin at M completely 
blocked melatonin’s growth inhibition. 

The above series of experiments was repeated 
using the same exposure coils, incubators, exposure 
conditions, and melatonin concentration ( lop9 M), 
but with cells at passage #320. Figure 4c depicts 
MCF-7 cell growth in the absence or presence of 
melatonin in a background field of 2.53 i 0.50 
mG. Exponential growth was observed in the ab- 
sence of melatonin. When melatonin was present a 
growth inhibition of 27% was observed at day seven 
that was statistically significant (P  = 0.004). Si- 
multaneously, in the matched incubator, MCF-7 
cells were characterized for cell proliferation in the 
absence or presence of melatonin plus an applied 
ELF magnetic field of 11.95 ’-+ 3.28 mG. These 
growth curves are presented in Figure 4d. Typical 
exponential growth was observed for cells in the 
absence of melatonin. However, when melatonin 
was present, the 60 Hz magnetic field was observed 
to block completely melatonin’s growth inhibition. 

In both of the experiments presented in Figure 4, 
the seeding density, melatonin, and serum were 
essentially equivalent, but the passage number was 
different (319 vs. 320). Cells at passage 319 dis- 
played slower growth than cells from passage 320. 
The slower growth of cells at passage 3 19 may have 
contributed to an observed 18% growth inhibition of 
melatonin, compared to a 27% inhibition of growth 
for cells at passage 320. 

Discussion 
The findings presented here indicate that 60 Hz 
magnetic fields of 1 I .95 mG block melatonin’s 
growth inhibition of MCF-7 breast cancer cells 
when melatonin is present at a physiological con- 
centration of M; 2.40 to 2.53 mG fields did 
not block melatonin activity (Figure 4). In the 
absence of melatonin, magnetic fields had no effect 
on MCF-7 cell growth (Figures 3 and 4). The above 
findings taken together indicate that (a) this in vitro 
effect occurs at the cellular level, (b) i t  involves an 
interaction that requires the presence of melatonin, 
and (c) a dose threshold appears to exist between 2 
and 12 mG. These findings represent the first 
evidence for a cellular level response to ELF 
magnetic fields that is dependent on melatonin. 

Several models have been proposed to elucidate 
the link between ELF magnetic field’exposure and 
breast cancer incidence [Wilson et al., 1990; Reiter 
and Richardson, 1990; Reiter, 1992; Stevens et al., 
19921. These models suggest that the most impor- 
tant aspect of this link is a decrease in melatonin 
secretion in response to an in vivo magnetic field 

exposure concomitant with enhancement in the 
production of prolactin and estrogen; the latter 
events are thought to increase the growth of sus- 
ceptible breast epithelial cells [Cohen et al., 19781. 
The study presented here deals with in vifro expo- 
sure of breast cancer cells and, therefore, relates to 
a subset of cellular events that occur distal to an in 
vivo effect on the pineal gland which regulates 
melatonin’s secretion into the blood stream. The 
results reported here raise the possibility that a 
direct interaction between ELF magnetic fields, 
breast cancer cells, and melatonin may exist at the 
cellular level. These findings, therefore, comple- 
ment important existing in vivo research [Wilson 
et al., 1990; Reiter and Richardson, 1990; Reiter, 
1992; Stevens et al., 19921. 

These cellular interactions most likely involve 
receptor activation and signal transduction path- 
ways in the MCF-7 cell. In the tissue culture media 
employed in these studies, the relevant mitogen 
which triggers ER+-MCF-7 cell proliferation is 
estrogen. We confirmed the findings of Blask and 
colleagues that melatonin inhibits estrogen-depen- 
dent growth of MCF-7 cells [Cos and Blask, 19901. 
Our finding that an ELF magnetic field blocks 
melatonin’s action may be most simply explained 
by the magnetic field interfering with melatonin 
interaction with MCF-7 cells at a receptor binding 
site. It would be of interest to conduct binding 
studies using a compound that interferes directly 
with melatonin binding to MCF-7 cells, however a 
receptor for melatonin in the MCF-7 cell has not yet 
been identified. Melatonin has been postulated to 
exert its antiproliferative effect on human breast 
cancer cells through estrogen-dependent mecha- 
nisms as well as estrogen-independent mechanisms, 
based on melatonin’s ability to block estradiol’s 
mitogenic effect in MCF-7 cells in monolayer 
culture, and on estradiol’s partial ability to rescue 
MCF-7 cells from melatonin’s growth inhibition 
[Cos et al., 19911. Thus, melatonin may interact 
with a variety of receptors in MCF-7 cells. Future 
studies should consider the possibility of estrogen 
receptor involvement. 

There is experimental evidence for ELF magnetic 
fields altering signal transduction events. In in vifro 
studies with transformed HL60 cells, transcription 
and translation are altered in cell culture during 
exposure to ELF magnetic fields [Goodman and 
Shirley-Henderson, 199 11. Experimental evidence 
now exists for a 60 Hz field effect on one of the 
earliest signal transduction markers, [Ca2+], , and 
was first reported for mitogen-activated thymic 
lym hocytes [Liburdy, 19921. Alterations in 
[Ca Ii were not observed during 60 Hz field Y+ 
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exposure of resting cells, but approximately 100 
seconds after addition of the lymphocyte mitogen 
Con-A, changes in [Ca2+Ii were detected. Alter- 
ations of an early ST marker like [Ca2+Ii are 
expected to occur at the cell surface and propagate 
down the signal transduction cascade to influence 
expression of such proto-oncogenes as c-MYC 
[Liburdy et al., 1993al; this is a plausible biological 
mechanism that links ELF magnetic fields with the 
cell surface to subsequent gene expression events 
such as DNA synthesis and cell proliferation 
[Liburdy, 1992; Yost and Liburdy, 1992; Liburdy 
et al., 1993al. To provide support for this interac- 
tion pathway, we have recently observed ELF- 
increased [Ca2+Ii and ELF-increased c-MYC 
mRNA induction in the same thymic lymphocytes 
[Liburdy, et al., 1993al. The latter finding is 
consistent with c-MYC mRNA induction reported 
by Goodman and Henderson [ 199 11 in HL60 cells. 
In addition, interesting studies by Luben [ 19931 
indicate that pulsed 72 Hz magnetic fields are 
capable of inhibiting the activation of CAMP accu- 
mulation by P-adrenergic agonists in pineal cell 
cultures and in osteoblasts. They interpreted their 
findings to suggest that G-protein linked receptors 
on the cell surface are influenced by the fields, 
perhaps through small changes in the charge distri- 
bution of the cell membrane. The general feature 
that cell surface receptors involved in signal trans- 
duction are influenced by magnetic fields is consis- 
tent with the above lymphocyte studies (the T-cell 
receptor is G-protein linked) and the pineal gland 
studies (the P-adrenergic receptor is G-protein 
linked). Given these interactions and the findings 
presented above, we hypothesize that a mechanism 
for magnetic field action on MCF-7 growth may 
involve signal transduction events that (a) interfere 
with melatonin interaction with MCF-7 cells at the 
receptor level to alter subsequent signal transduc- 
tion sequelae, and/or (b) activate other mitogen 
receptors, in the presence of melatonin, to over- 
come melatonin's anti-mitogenic action. The estro- 
gen receptor is a possible candidate for the latter 
interaction, as discussed above, and future studies 
should address such issues. 

Corollary issues that should also be investigated 
in future studies are (a) the possible role that serum 
factors may play in mediating melatonin-sensitive 
cell growth of MCF-7 cells in 60 Hz magnetic 
fields, and, (b) the effect of 60 Hz magnetic fields 
on MCF-7 cell growth at different melatonin con- 
centrations. Since this study was conducted at a 
physiological dose of lop9 M melatonin, studies are 
in progress over the concentration range corre- 
sponding to pharmacological ( M) through 

sub-physiological (lo-'' M) doses of melatonin. 
This should yield important information concerning 
whether the blocking effect of 60 Hz magnetic fields 
on melatonin-sensitive MCF-7 cell growth repre- 
sents an absolute decrease in melatonin activity or a 
shift of the melatonin dose response curve. 
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